In this article, a tunable linear-to-circular polarization converter (LTCPC) in terahertz (THz) regime using the graphene transmissive metasurface is proposed, which is composed of two resonant layers containing the metal and graphene resonators separated by a dielectric spacer. The linearly-polarized wave with normal incidence can be transformed to the circularly-polarized wave. The operating band can be dynamically regulated in THz band by electrically controlling the Fermi energy (E f ) of the graphene sheets rather than reforming the structures. The optimized result of axial ratio (AR) band which is less than 3 dB is located at 2.64-3.29 THz (the relative bandwidth is 21.92%) in the case of E f = 0.1 eV. The physical characteristics of graphene are explored and the relevant operational results of the presented LTCPC are elucidated in this article. Compared with the conventional LTCPC, our design provides a more effective implementation method for wide applications, and it offers a further step in graphene controllable devices.
I. INTRODUCTION
Terahertz (THz) waves [1] , generally referred to the electromagnetic radiation in the frequency range of 0.1-10 THz, are located between microwave and infrared radiation in the spectrum. From the perspective of the development of electromagnetic wave theory, the theoretical and technological systems of infrared and microwave technology have been relatively improved due to a long-term development. But because of some unique properties of THz wave, it is not a good choice to study THz wave whether using highfrequency optical theory or low-frequency microwave theory. Therefore, THz theory and technology are still in a new stage of development.
The unique position between electronics and photonics makes THz wave possess a series of unique properties [2] , [3] , such as transient, broadband, coherence, low energy and strong penetration. Thanks to these particularities, THz wave shows great potential applications [4] - [6] in communication technology, electronic weapon countermeasure, radar monitoring, medical imaging, biochemical inspection and The associate editor coordinating the review of this manuscript and approving it for publication was Ahmad Elkhateb . other fields. In addition, THz wave has also made great progress in semiconductor fabrication, new superconducting materials and other related fields. The study of THz band not only can promote a further development of electromagnetic wave research, but also put forward higher and newer requirements for the related electronic device fabrication technologies. So, how to effectively manipulate THz wave has become a research hotspot of current researchers. Simultaneously, reconfigurability is another characteristic which attracts great attention of many scientists. Some reports on dynamic polarization manipulation which achieved by liquid crystals [7] , active diodes [8] , and Micro-Electro-Mechanical System (MEMS) switches [9] are emerged one after another. But these methods are too complex and always confined to the microwave band. The emergence of graphene metasurfaces can properly solve these problems.
Graphene, a single-layer carbon atom structure, has abundant excellent properties such as high electron mobility [10] , electrical tunability [11] and low losses [12] . Moreover, it is found that the conductivity of graphene can be flexibly regulated by adjusting the Fermi energy (E f ). As for metasurface, it is a two-dimensional array composed of metamaterial unit constructions. By elaborately designing the internal structure and arrangement of such a sub-wavelength geometric unit, the electromagnetic wave is manipulated to obtain the unique physical properties [13] , [14] . Combining those features, a variety of tunable polarization manipulating devices using graphene metasurface can be realized [15] , [16] . In 2013, Cheng et al. [17] proposed an tunable cross polarization converter based on L-shaped graphene nanostructures, which offered a further step in developing for dynamic reconfigurable devices. Similarly, a cross-polarization converter with the bandwidth of 25.8% is designed by Luo et al. [18] and such a bandwidth can be regulated by controlling the E f of graphene sheets. With the development of graphene devices, it will have broader potential applications in various fields such as antennas [19] , [20] , filters [21] , [22] and phase shifters [23] .
At present, most of the mainstream metasurface polarization converters are reflective, and there is a common problem they have to face, that is, the reflected wave after polarization manipulation is easy to mix with the incident wave. Under these circumstances, the transmissive polarization converters will come in handy [24] - [26] . Therefore, the comprehensive application of graphene and transmission polarization converter will exhibit great research values in various fields.
In this paper, a tunable linear-to-circular polarization converter (LTCPC) based on transmissive graphene metasurface is presented, which are composed of two resonant layers containing the metal and graphene resonators separated by a silicon dioxide (SiO 2 ) dielectric spacer. When a beam of electromagnetic wave (the electric field E is along y axis) is incident vertically to this device, the transmitted wave can be transformed to CPW in a tunable operating band by adjusting the E f of graphene. In the case of E f = 0.1 eV, the optimized result of axial ratio (AR) band which is less than 3 dB is located at 2.64-3.29 THz (the relative bandwidth is 21.92%). The proposed LTCPC may find wide potential applications in a variety of communication systems and optical devices. ) with two ellipses (the major axis is a = 46 µm and the minor axis is c = 10 µm) removed. A h = 11 µm thick SiO 2 dielectric spacer (the relative permittivity is ε r = 4 and the loss tangent is tanδ = 0) is used to separate the two resonant layers. The detail parameters are listed in Table 1 . The front view and the back view of the proposed LTCPC unit cell are displayed in Fig.1(a) , and the side view and the stereoscopic perspective are given in Figs.1(b) and (c), respectively. All of the following spectra and results are obtained by the commercial simulation software HFSS (High Frequency Structure Simulator developed by Ansoft).
II. DESIGN AND SIMULATION
Considering the convenience of controlling the conductivity of graphene, such continuous graphene sheets are adopted instead of the isolated ones. The particular circuit connection is given in the Fig.1(c) . It can be seen from Fig.1 (c) that an gold electrode located at the top edge of the periodic array is added in direct contact with the graphene grating [27] , [28] . In this way, the E f of all graphene strips in the top layer can be effectively tuned by applying a top gate bias voltage whose conductive contacts are connected to the gold electrode and dielectric layer [29] . Similar orthogonal bottom gold electrode is also adopted to control the E f of all graphene strips in the bottom layer. Such a connection allows us to adjust the E f of each graphene layer independently [30] . If unit number of periodic array in Fig.1(c) is large enough, the effect of graphene layer on boundary conditions shows insignificant to the calculation results and the adopted excitation probe is so minute that the brought impact is usually negligible. In such a case, the boundary conditions can be set as a periodic boundary which appears in the software HFSS. Fig.2 shows the design methodology flowchart of a transmissive graphene LTCPC. Firstly, the key of designing a transmissive LTCPC is how to satisfy the conditions of transmitted amplitude and phase, simultaneously. Secondly, some graphene branches are added in our design to obtain reconfigurability, and the modeling method in HFSS will also be included in our consideration. Finally, the calculated results need to be optimized and analyzed to obtain a tunable operating band.
Thanks to the extremely thin thickness of only 0.34 nm, graphene can be regarded as an infinitely thin twodimensional planar material and ignores the edge effect. In the midst of this situation, the surface conductivity δ s (ω, µ c , , T ) based on the Kubo formula [18] are investigated to characterize the peculiar electronic properties of graphene. In general, δ s (ω, µ c , , T ) mainly consists two parts which are intraband contributions δ intra (ω, µ c , , T ) and interband contributions δ inter (ω, µ c , , T ), respectively, as shown in Eqs. (1), (2) and (3).
where k B , , µ c and e are represented Boltzmann's constant, Reduced Planck's constant, chemical potential (i.e. E f ) and electron charge, respectively. In our work, the temperature T and the carrier scattering rate are assumed to be 300 K and 0.43 meV, respectively. According to the electrical adjustability of graphene, the frequency-dependent performance of the In order to further explore the practical use of graphene, it is necessary to find an accurate method to simulate the characteristics of graphene materials. In this paper, the relative permittivity model expressed by Eq.(4) and Eq.(5) [31] with the advantages of simplicity and intuition is constructed to adapt to the simulation software, which contains the outof-plane component ε zz and in-plane components ε xx (ω) and ε yy (ω).
where ε zz = 9, the permittivity of vacuum is ε 0 = 8.85 × 10 −12 F/m and the thickness w 2 of graphene is 0.34 nm. Similarly, the frequency-dependent performance of the real respectively. We are informed that the variation tendency of the absolute values of the real and imaginary parts all keep increasing with the enlargement of E f . Therefore, the electromagnetic properties of graphene can be simulated by introducing the permittivity data from Eq.(5) into the simulation software HFSS.
III. NUMERICAL RESULTS AND DISCUSSIONS
In this paper, the y-polarized wave incidents vertically along the -z axis and the polarization states of the transmitted wave are the priority business which need to be discussed, and we can describe it by the Stoke parameters as follows
U = 2 t yy · t xy cos ϕ
where t yy (ϕ yy ) and t xy (ϕ xy ) are the amplitudes (phases) of the co-polarization and cross-polarization transmissions. ϕ = ϕ xy − ϕ yy is the phase difference between ϕ yy and ϕ xy . linear-to-circular polarization transmission can be accurately realized when β is close to π/4 and this range corresponds to 2.8-3.16 THz in Fig.5(a) . For general practical applications, we pay more attention to the AR band which is less than 3 dB. From Fig.5(b) we can see that it can be accepted in 2.67-3.29 THz, where the obtained transmitted wave is not the most precise but exceedingly close to the CPW. Synchronously, the performance of the LTCPC affected by the structural parameter h on AR are plotted in Fig.6 . As we can see from Fig.6 , the 3 dB AR band slightly is shifted to low frequency region, when h increases from 9 µm to 13 µm, and h = 11 µm is selected as the optimal value after comparing the AR curves with each other in the criterion of low AR and wide bandwidth.
AR = 10 log 10 [tan(β)]
The energy of transmitted CPWs are ordinarily weak, which is the research focus for the transmissive LTCPC at present. The key to realize efficient linear-to-circular polarization transmission not only depends on the phase difference ϕ of approximately ±π/2+2kπ (k is an integer), but also depends on two transmitted amplitudes (t yy and t xy ) which are remained as high and close as possible. Figs.7(a)-(d) display the amplitude and phase curves of our designed LTCPC at different E f , where their left red axes denote the amplitudes and the right blue axes perform the phases. It can be seen from Figs.7(a)-(d) that t yy and t xy are basically around 0.60 in 2.59-3. 28 THz when E f = 0.1 eV, where ϕ are always kept close to -π/2, and then the value of t xy can be gradually elevated to with E f increased from 0.1 eV to 1.0 eV even though the operating bandwidth has a slight reduction, as shown in Fig.8 .
Polarization conversion rate (PCR) is a parameter representing the proportion of electromagnetic wave from one polarization state to another polarization state and its formula is expressed as PCR = t 2 xy /(r 2 xy + r 2 yy + t 2 xy + t 2 yy ). Usually, the reflection coefficients r xy and r yy are small and t xy need to keep as equal as possible with t yy . So we can know that the PCR need to be maintained near to 0.5. Fig.9 displays the PCR curves when the Fermi energy rises from 0.1 eV to 1.0 eV and it can be seen that PCR will exhibit a corresponding trend of decreasing when we adjust the E f on purpose to expand the bandwidth. But in the overall operating band, this trend of weakening is not noticeable, and is within acceptable limits. As a result of this, we can determine whether wide bandwidth or high conversion efficiency should to be chosen according to the practical application requirements.
Simultaneously, the transmission coefficients of t RHCP−y and t LHCP−y are calculated and shown in Fig.10 in the case of E f = 1.0 eV. It shows that the magnitude of the right-handed circularly polarized (RHCP) component is much greater than that of the left-handed circularly polarized (LHCP) component in the transmitted wave in the band of 2.75-3.21 THz which means that the incident wave is almost transformed to RHCP in the operating band.
Such a tunable performance can also be expounded by the AR curves in Fig.11 , which are regulated by E f from 0.4 eV to 1.6 eV. We can clearly see from Fig.11 that the 3 dB AR band can be extended gradually with the decrease of E f . When E f changes from 0.1 eV to 1.0 eV, the 3-dB AR bands are 2.64-3.29 THz, 2.67-3.28 THz, 2.69-3.28 THz and 2.71-3.27 THz, respectively (the relative bandwidths are 21.92%, 20.50%, 19.76% and 18.73%, respectively). Obviously, the method of regulating the bandwidth by controlling the E f is available for our design.
Metamaterial, an artificial periodic structure with subwavelength unit scale, is usually composed of basic electromagnetic resonance units. By elaborately designing the internal structure, some unique electromagnetic characteristics which are difficult to achieve by non-metamaterial can be realized. Metamaterial devices can overcome the shortcomings of conventional non-metamaterial devices such as bulky size and narrow bandwidth and process many irreplaceable advantages. Therefore, in general, metamaterialbased polarization converter is one of the preferred choices in design. To show the superiority of our design more intuitively, VOLUME 7, 2019 a comparison table is given with other transmissive polarization converter reported in recent years. Table 2 clearly illustrates that graphene polarization converter avoids the instability of conventional control methods while gaining efficient reconfigurability. As for other study in Ref. [26] that also contains graphene, the result was only focused on the resonance effect brought by graphene structure itself for the time being, and whether their design contained a good reconfigurability was not fully embodied and explored. Considering reconfigurability is one of the most important properties of graphene, more attention are paid to the exploration of tunability of graphene in this paper. Compared the data in Table 2 with the present study, our design can not only regulate the operating bandwidth, but also control the corresponding transformation efficiency, which are the unique advantages and research values of such a tunable LTCPC.
Furthermore, the surface current distributions on the top and bottom layers at 2.9 THz for y-polarized wave normally incident are displayed in Fig.12 to explore the physical mechanism, where the main current directions are indicated by the black arrows. By observing the current distribution, we can found that the graphene strip along the x direction on the top layer and the one along the y direction on the bottom layer serve as gratings along x and y directions, respectively, and they work as two orthogonal polarizers. When a beam of y-polarized wave incident vertically to this metasurface, the oblique ''I''-shaped gold resonator on the top layer is firstly excited to engender current, which inspires the currents on the bottom oblique ''I''-shaped gold resonator, subsequently. As a result of this, a 90 • phase difference is introduced into the orthogonal gratings by the top and bottom oblique gold resonators. Therefore, the linear-to-circular transformation for the proposed LTCPC can be realized favoringly. It is noteworthy that the oblique gold resonators are so pivotal that it is hard to realize the linear-to-circular polarization transformation just by two orthogonal polarizers only. If we want to obtain a wider range of reconfigurability, there are some methods which is worthwhile for us to think about and draw lessons from. For instance, if more graphene resonators are adopted for the main resonance structure rather than metal, it will certainly lead to a more obvious phenomenon of regulation better reconfigurability. Here, we propose an improved design scheme which is schematically illustrates in Fig.13 . The I-shaped gold resonators are truncated into three parts at their transverse trisections. Through filling the remained I-shaped resonators into rectangle with two graphene semi-ellipses patches and three graphene strips, a wider relative bandwidth can be obtained and the detailed parameters are listed in Table 3 . After further parameter optimization and selection, the 3-dB AR band are increased from 3.26-3.27 THz (the relative bandwidth is 0.31%) to 2.54-3.58 THz (the relative bandwidth is 34.0%) when E f rises from 0.1 eV to 1.0 eV. Fig.14 clearly confirms that AR will be more profoundly and noticeably affected by the E f of grapheme in this scheme, which has the advantages of obvious reconfigurability, wide operating range and so on.
IV. CONCLUSION
In summary, a tunable LTCPC based on the graphene transmissive metasurface is proposed and the main performances are elaborated in detail. By artificially decreasing the value of E f from 1.0 eV to 0.1 eV, the AR operating bands are 2.71-3.27 THz, 2.69-3.28 THz, 2.67-3.28 THz and 2.64-3.29 THz with the relative bandwidths of 18.73%, 19.76%, 20.50%, and 21.92%, respectively. This phenomenon of bandwidth extensibility deserves attention and in-depth study. At the same time, the transmitted amplitudes, phases, PCR and transmission coefficient are all discussed to explore the reconfigurability. The surface current distributions are given to have a physical insight of mechanism. Finally, an improved design scheme is proposed to obtain more prosperous reconfigurability. Compared with conventional LTCPC, our design has the advantage of reconfigurable feature, which can become the building blocks of several THz imaging, sensing and communication systems.
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